The existing form of BN particles, a new environmentally friendly free cutting particle, is very important in steel for the purpose of optimizing cutting performance. However, precipitation and growth behaviors of BN inclusions in steel are not very clear until now. In this research, the morphologies of BN inclusions in steel were discussed and the formation mechanisms of BN inclusions were proposed. First, the precipitation behaviors of BN inclusions in steel have been investigated by theoretical calculation using Factsage software. Then, the actual three-dimensional morphology of BN inclusions and composite inclusions were observed in laboratory. Moreover, Growth model of BN inclusions via diffusion and collision are established employing Matlab, respectively. The results revealed that BN precipitate greatly in the solidification end and BN can nucleate heterogeneously on the surface of nucleation site (such as Al2O3, spherical MnS) besides homogeneous nucleation. The size of the BN ranged from 1 to 2 um after the diffusion growth, and then BN particles and other particles in steel, relying on its own Brownian motion, collided and agglomerated with each other, thereby formed a large cluster-like inclusion. The results agreed well with the simulated results based on BN growth model.
Introduction
Development of new free cutting steel is one of the most active research directions [1] [2] [3] [4] due to the problems (such as environmental pollution, deterioration of mechanical properties) caused by lead, sulfur free cutting steel, [5] [6] [7] [8] [9] which are widely used throughout the world at present. BN free cutting steel, as an important new free cutting steel, has drew more and more attention because of its advantages in environmental protection and good mechanical properties, which will have a promising application prospect. 10, 11) In recent years, Tanaka et al. [12] [13] [14] [15] [16] explored the possibility of adding BN to improve the machinability of steel. The influences of steel composition and tool material on the machinability has been investigated and confirmed that BN inclusions could improve the machinability of steel significantly. In addition, a non-oxide adhesive layer whose main component was AlN has been found on the tool surface, which is thought one of the reasons of outstanding machinability of BN free-machining steel. However, in previous researches, the precipitation and growth behaviors of BN inclusions and the influence of other particles in steel on BN inclusions haven't been investigated. Although Wang et al. [17] [18] [19] observed the complex phenomenon between BN and Al 2 O 3 , MnS inclusions in steel, in-depth and detailed study about the formation mechanism has not been done. The existing form of BN free cutting particles in steel and the formation mechanism is special, which is different from the most common particles in steel, such as Al 2 O 3 , MnS, etc. [20] [21] [22] The purpose of this paper is to clarify the existing form of BN inclusions in steel and the formation mechanism, using a combination of computational and a series of inclusion analysis techniques. In order to control BN inclusions (shape, size and distribution), which is essential to improve free-cutting property, formation mechanism of BN inclusions is required first. Owing to the great wealth of environment friendly free cutting steel-BN free cutting steel applications, the study will have significant practical implication.
Experiment
The precipitation and growth of BN inclusions were investigated practically through experiments. The samples were obtained in cold crucible induction melting experiments and the experiments were proceeded in tubular resistance furnace (SK2-4-16). A crucible with a capacity of 1 ISIJ International, Vol. 54 (2014), No. 10 kg was used and its Al2O3 purity is 99.99%. The whole process of the experiments was carried out with Argon protection (2.5 L·min -1 ) and the temperature was controlled at 1 650°C. The C45 round billet was adopted as the basic material in the experiment. Its chemical composition is shown in Table 1 . The experimental processes went as follows: The crucible containing 1 kg of C45 steel was placed in the resistance furnace, under the arc heating condition, until the steel was wholly melted and the required temperature was achieved. Ferro boron (boron content is 20 pct) and MnN(purity is 99.99%) were added into steel to obtain B and N. In previous research, 10) the influence of free B on the hardenability of the steel could be eliminated with the N/B ratio higher than 1.7 in the steel, so N/B ratio is controlled higher than 1.7 in the paper. Al(purity is 99.5%), FeO(purity is 69.8%), Mn(purity is 99.8%) and FeS(purity is 85.0%) were also added into steel to obtain the effect of these particles on precipitation and growth behaviors of BN inclusions in Steel. The chemical composition of the samples obtained in cold crucible induction melting is shown in Table 2 .
The cooling process of samples were controlled by air cooling (7.7 K·s -1 ) and furnace cooling (1.8 K·s -1 ), respectively, so that the precipitation and growth behaviors of BN could be observed. The composition and morphology of BN inclusions in samples were observed by optical microscope (52XA) and scanning electron microscope (SEM, ZEISS ULTRA55) with energy dispersive spectroscopy (EDS, OXFORD INSTRUMENTS INCA X-MAX50) after the samples had been polished and lapped. In order to observe the original three-dimensional morphology of BN inclusions without loss, the samples were electrolyzed by organic electrolyte solution (methanol: triethanolamine: Tetramethylammonium chloride is 71:11:2 by mass ratio) and the inclusions were extracted by high-speed centrifuge (TG-16) and glass capillary (inside diameter is 1 mm) after electrolysis. The rotation speed were set to 9 000 r/min and the centrifugal time were set to 3 min. Simultaneously, Positioning electrical erosion 23) (samples were eroded deeply with organic solution (same as above) so that the inclusions stand out on the steel matrix) was used so that three-dimensional morphology of BN, MnS, Al2O3 and TiN composite particles could be observed. Meanwhile, Theoretical calculation has been done to analyze the precipitation processes of the main 
Results and Discussion

Precipitation of BN Inclusions in Steel
In order to investigate the precipitation behavior of BN inclusions in samples, FactSage 6.3.1 thermodynamic software was employed to calculate precipitation temperature and content of the main inclusions in samples BN1-3 (supposed the weight of molten steel was 100 g), as is shown in Fig. 1 . The software contains Equilib Modules, which is based on the Gibbs free energy minimization technique to calculate various multicomponent multiphase reaction equilibria. In order to calculate inclusions equilibria in steel using Equilib Module, FSstel database was employed for liquid steel. This data base is based on the associated solution model proposed by Pelton and his coworkers. 24, 25) The final content and precipitation temperature of the inclusions, as well as liquidus and solidus temperatures of the samples calculated by Factsage are shown in Table 3 in detail.
Result showed that BN precipitation rapidly in 1 688 K-1 663 K, while liquid steel solidified from 1 768 K to 1 663 K. The conclusion that BN precipitated greatly in the solidification end can be draw from the theoretical results. The local concentration of B, N is increased heavily in solidification end. Therefore, BN nucleated homogeneously when B, N reached critical concentration, as is shown in Fig. 2 . There are four different variants of BN particle. Boron nitride obtained typically is h-BN, which is called white graphite. It has the same hexagonal crystal structure and lubrication action as graphite, which is opposite with super hard c-BN. The BN participated in the steel is analyzed by Raman spectroscopy. The result, as is shown in Fig. 3 , shows that Raman-active high-energy phonon is at 1 367 cm -1 , which agrees well with the pure hexagonal boron nitride. 26) Thus conclusion can be draw that the BN participated in steel is h-BN, which we wanted as the free cutting particle.
When there are particles which can serve as nucleation site for BN in steel, BN nucleated heterogeneously on the surface of these particles once B, N reached the equilibrium concentration. The process was so fast that it completed in millisecond. 27 ) Al 2 O 3 particles, MnS particles which are spherical (including MnS which nucleated on the surface of Al 2 O 3 ) can serve as nucleation site for BN in steel, as is shown in Fig. 4 . [N] in the melt were not in equilibrium until diffusion growth was suppressed and the concentration gradient disappeared. The size of the BN ranged from 1 to 2 um after the diffusion growth and the morphology of BN is spherical or near spherical, as is shown in Fig. 5 .
Due to that the segregation rate of B is much larger than that of N during solidification forefront, the grow rate of BN during the solidification process is controlled by the concentration of N in steel. The driving force of BN growth is the concentration difference between equilibrium concentration of N ([%N]e) and concentration of N in solidification front ([%N]L) which increased because of interdendritic microsegregation. The model of BN diffusion growth can be described as Eq. (1) 
Growth of BN Inclusions by Collision and Agglom-
eration It is very hard for BN particles to continue to grow by diffusion, when they grow up to 1-2 um. However, BN clusterlike inclusions with size >10 um are found everywhere in samples that are controlled by furnace cooling, as is shown in Fig. 6 . An inclusion may present different morphologies because of its different locations from the observation surface. The true morphologies are difficult to be observed by the two-dimensional metallographic section method, 29) especially for clusters. What's more, whether inclusions grow up by diffusion or collision, and whether the inclusion is dispersed little particles or single particle, can't be judged by the two-dimensional metallographic section method. Thus it is very important to control the electrolytic process. The actual three-dimensional morphologies of BN inclusions obtained by electrolysis (as is shown in Fig. 7) shows that little BN particles (<2 um) collide with each other and finally become a cluster (<10 um). BN clusters continue to collide to form larger clusters. Collision has become the main way for BN particles to grow up, if enough solidification time is given. Local solidification time (in seconds) is defined as Eq. (2) Where TL and Ts are liquidus and solidus temperature of steel, K, and CR is the cooling rate, K/s. BN collided easily with MnS and TiN, which also participated in the solidification end. A mass of such composite particles were observed as is shown in Fig. 8 . Positioning electrical erosion was used so that three-dimensional morphology of BN, MnS, Al2O3 and TiN composite particles could be observed without any loss, as is shown in Fig. 9 . Cluster-like BN inclusion, as a whole, might collide with TiN and MnS composite particle shaped like strip (Figs.  8(a), 8(b) and 9 ). In addition, MnS and TiN inclusions might be wrapped by a large number of single BN particles (Figs.  8(b), 8(c) and 8(d) ).
Speculation that growth of BN inclusions by collision is driven by Brownian motion can be obtained, based on the experiment results. The composite form of BN particles and other particles illustrates the intense Brownian motion indirectly. The experimental conditions are cast smelting without stir and there is no impact on fluid field. BN particles, which generated instantly or remained in the liquid steel, relying on its own Brownian motion, collide and agglomerate with each other, thereby form a larger inclusion particle in condensed matter. What's more, the BN aggregation will not be broken in this situation, that's to say, the probability that particles collide to form aggregation is 100%.
In order to simulate the growth of BN inclusions by Brownian motion, diffusion limited aggregation (DLA) 30) and diffusion limited cluster-cluster aggregation (DLCA) [31] [32] [33] model are established using Matlab. The monomer agglomeration of BN inclusions was simulated with DLA model of the fractal theory. The simulation study with a random twodimensional diffusion was carried out. The result is shown in Fig. 10(a) , which is similar to the actual morphology ( Fig.  10(b) ). The cluster-cluster agglomeration of BN inclusions was simulated with DLCA model of the fractal theory, which is the advanced vision of DLA. The shapes of BN aggregates simulated in two-dimensional and three-dimensional conditions are shown in Figs. 10(c) and 10(e), which is similar to the actual BN cluster-type inclusions in steel (Figs.  10(d) and 10(f) ), respectively. The results indicate that the DLCA model can be used to simulate the agglomeration behavior of BN cluster-type inclusions. In DLCA model, the velocity of Brownian motion of spherical BN particle in j direction is calculated by Eq. (3), 34) based on Langevin's equation.
....... (3) Where VB,j is velocity of Brownian motion of spherical inclusion in j direction; γ is viscous resistance which inclusion suffered per unit mass; FR is Brownian force which Where m is the quality of spherical inclusion particle, kg, r is the radius of spherical inclusion, m, μm is Viscosity of liquid steel, N·s/m 2 , kB is the Boltzmann constant, 1.381×10 -23 J/K, T is the absolute temperature, K, Δt is the magnitude of the time step, s; δ is a Gaussian random number with zero mean and unit variance, ρp is density of inclusion, kg/m 3 . The random direction of the Brownian force was accounted for by evaluating both the x and y components of FR at each time step using independent values of δ in the two directions.
Similarly, velocity of Brownian motion of condensed inclusion particles which contained a number of i single particles can be calculated by Eq. (6).
..... (6) The calculated method of FR,i and γ i is similar with that of the spherical inclusion particle, except for ri, 36) as Eq. (7) shows.
....... (7) Where, ri is hydrodynamic diameter; Ri is Maximum radius; Df is fractal dimension.
Conclusion
(1) BN precipitates greatly in the solidification end according to the theoretical results when B, N reach the critical concentration, and the BN particle obtained in steel is h-BN.
(2) BN nucleates heterogeneously on the surface of nucleation site when B, N reach the equilibrium concentration. Al2O3 particles, MnS particles which are spherical (including MnS which nucleates on the surface of Al2O3) can serve as nucleation site for BN in steel.
(3) The size of the BN ranges from 1 to 2 um after the diffusion growth and the morphology of BN is Spherical or near spherical, which agreed well with the theoretical results based on BN diffusion growth model. 
